INTRODUCTION
============

Septins are conserved cytoskeletal proteins that bind and hydrolyze GTP. With the exception of higher plants, they are found in most eukaryotes, where multiple septins generally assemble into symmetric linear oligomeric complexes. These then polymerize into nonpolar filaments and supramolecular structures such as rings, gauzes, and arcs (reviewed in [@B8]; [@B120]).

Septins are believed to act as cortical organizers by forming lateral diffusion barriers that compartmentalize the plasma membrane into separate domains and shape cellular architectures (reviewed in [@B5]; [@B17]; [@B80]). Septin depletion or mutations disrupt normal morphogenesis and differentiation of sperms, dendrites, and cilia ([@B45]; [@B62]; [@B109]; [@B123]; [@B45]; [@B65]) and are linked to a variety of human diseases, such as male sterility, cancer, and neurodegenerative disorders (reviewed in [@B40]; [@B88]).

In most cases, septins localize to the base of cellular projections, where they demarcate subcellular boundaries. This is the case in the budding yeast *Saccharomyces cerevisiae*, in which septins form a ring at the bud neck---the constriction between mother and future daughter cell ([@B15]; [@B39]; [@B59]). In the filamentous fungi *Aspergillus nidulans* and *Ashbya gossypii*, a similar pattern is seen during hyphal branching ([@B121]; [@B41]). Furthermore, septins are found at the base of other cellular appendages, such as cilia, dendritic spines, and the flagellum of spermatozoa ([@B106]; [@B109]; [@B123]; [@B45]). Thus septin rings are intimately associated with membranes in areas of membrane curvature, which are likely fragile because they are inherently subject to mechanical stress.

Septins associate with membranes through a highly conserved polybasic region at their N-terminus ([@B129]; [@B16]). Mammalian septin-4 specifically binds phosphatidylinositol (4,5)-bisphosphate (PI(4,5)P~2~; [@B129]). In yeast, PI(4,5)P~2~ is enriched in membrane areas of polarized growth and the bud neck ([@B32]) and stimulates formation and organization of septin filaments, which are in turn essential for cell viability ([@B10]; [@B75]). Indeed, in *S. cerevisiae*, septins are required for cytokinesis by tethering to the division site (i.e., the bud neck) most proteins involved in this process, including components of the contractile actomyosin ring (reviewed in [@B84]; [@B120]). Septins are found at the cleavage furrow in fission yeast ([@B9]; [@B112]), *Caenorhabditis elegans* ([@B82]), *Drosophila* ([@B81]; [@B29]), and mammalian cells ([@B61]), suggesting that they contribute to cytokinesis in many organisms.

In migrating cell types such as T-lymphocytes, septins form an annular corset at the cell cortex to rigidify the cell periphery, protect it against mechanical stress, and promote the persistence of migration ([@B115]). Thus septins function in a number of mechanical processes at the cell cortex and may therefore respond to mechanical cues. However, the mechanisms driving septin ring assembly at the right positions and in coordination with membrane reorganization are not known. Investigating how fungal septin rings respond to alterations in cell wall organization and the resulting changes in turgor pressure is likely to be very instructive about how septins are regulated in response to mechanical stress.

In fungi, septin localization is dynamic during development and the cell cycle ([@B18]; [@B25]; [@B36]; [@B76]; [@B42]). In budding yeast, septins are first recruited to the presumptive bud site as an unorganized cap, which is rapidly transformed into a cortical septin ring in late G1. At the time of bud emergence, the septin ring expands into an hourglass-like structure referred to as septin collar, which spans the whole bud neck. Immediately before cytokinesis, the collar splits into two distinct rings that sandwich the contractile ring (reviewed in [@B84]; [@B120]). Fluorescence recovery after photobleaching (FRAP) experiments indicate that septin structures are highly dynamic before bud emergence. On bud emergence, the septin collar at the bud neck is conversely very rigid, whereas at cytokinesis the split septin rings become dynamic again ([@B18]; [@B25]). In mammalian cells, septin rings remain dynamic throughout cytokinesis, rapidly exchanging septin subunits with the cytoplasm ([@B100]). The dynamics of mammalian septins at other submembrane ring structures is not known.

In budding yeast, the Cdc42 GTPase of the Rho family plays a crucial role in the recruitment of septins to the presumptive bud site ([@B19]; [@B48]), and cycles of Cdc42 GTP binding and hydrolysis are required for septin collar formation ([@B34]; [@B18]). Polarized exocytosis sculpts the septin ring by driving the insertion of membrane into the emerging bud, thereby hollowing the septin cap into a ring ([@B86]). Several protein kinases, such as Cla4, Gin4, and Elm1, as well as septin-interacting proteins, such as Bni5, locate to the bud neck in a septin-dependent manner and promote septin collar stabilization ([@B72]; [@B7]; [@B67]). Finally, the protein phosphatase PP2A bound to its B′ regulatory subunit, Rts1, promotes timely septin disassembly after cytokinesis ([@B24]). How these regulators directly or indirectly promote septin ring assembly and disassembly at the bud neck is not clear.

A key question is how septin dynamics is coupled to the dramatic membrane rearrangements occurring during the formation of cellular protrusions. We set out to address this question using budding yeast as model system. We took advantage of our previous finding that the ubiquitin ligases Dma1 and Dma2 are essential together with the PAK kinase Cla4 for septin ring formation and stabilization. Indeed, *dma1 dma2 cla4* triple mutants show pronounced septin localization defects and cytokinesis failure and are unviable ([@B30]; [@B78]). We used this observation to set up a genetic screen aiming at the identification of novel regulators of septin dynamics. Here we report for the first time that the conserved Rho1 GTPase, its target protein kinase C, and the F-BAR protein Syp1 that induces membrane curvature promote robust septin recruitment and likely coordinate membrane and septin reorganization during budding.

RESULTS
=======

A genetic screen for novel regulators of septin dynamics identifies the Rho1 GTPase and its target, Pkc1
--------------------------------------------------------------------------------------------------------

Because *dma1 dma2 cla4* triple-mutant cells are not viable and show strong septin organization defects ([@B30]; [@B78]), we wondered whether the lack of viability of these cells was mainly due to the collapse of septin structures. We rationalized that if this were the case, extragenic suppressors of the lethality of *dma1 dma2 cla4* cells would most likely identify regulators of septin dynamics (see *Materials and Methods*). To test this possibility and identify new regulators of septin dynamics, we isolated 44 independent suppressors that restored cell viability in the total absence of *DMA1*, *DMA2*, and *CLA4*. Genetic tests classified 11 of the suppressing mutations as dominant, 10 as semidominant, and 19 as recessive. Four suppressors were sterile, hampering the assessment of their dominance/recessivity. FACS analysis of DNA contents showed that several suppressors completed cytokinesis properly (unpublished data), supporting the idea that septin organization was restored. We subsequently focused our attention on one of the best dominant suppressors of the temperature sensitivity of *dma1Δ dma2Δ cla4-75* triple-mutant cells ([Figure 1A](#F1){ref-type="fig"}). This suppressor indeed restored septin ring assembly and position at the bud neck, as determined using the septin Shs1 fused to green fluorescent protein (GFP) as reporter and demonstrated by the fact that it restored cytokinesis in the complete absence of *DMA1*, *DMA2*, and *CLA4* ([Figure 1E](#F1){ref-type="fig"} and Supplemental Figure S1B). Thus, restoring septin organization appeared to rescue the lethality of the *dma1 dma2 cla4* triple mutant. We concluded that our suppressors might indeed identify new regulatory pathways of septin function.

![Rho1 and Pkc1 hyperactivation suppresses the temperature sensitivity of *dma1Δ dma2Δ cla4-75* cells. (A, C, D) Serial dilutions of strains with the indicated genotypes were spotted on YEPD plates and incubated at the indicated temperatures for 2 d. The table in D lists the *PKC1* alleles isolated in our genetic screen as suppressors of the lethality of *dma1Δ dma2Δ cla4Δ* cells. (B) Amino acid sequence alignment of Rho1/RhoA from budding yeast (*S.c.*), human (*H.s.*), and fruit fly (*D.m.*). The aspartate in bold is the conserved residue changed to asparagine in the *RHO1-D72N* allele. (E) Representative images of cells with the indicated genotypes and expressing Shs1-GFP after shift to 37°C for 6 h.](3245fig1){#F1}

The foregoing strong suppressor mutation mapped in the *RHO1* gene, which encodes the yeast counterpart of the conserved GTPase RhoA ([@B94]). In metazoans, RhoA is required for cytokinesis through assembly and contraction of the contractile actomyosin ring (reviewed in [@B35]; [@B91]; [@B37]). The suppressor mutation was due to a single nucleotide substitution replacing the aspartic acid in position 72, which is located inside the highly conserved switch II of the guanine nucleotide--binding domain of Rho GTPases ([Figure 1B](#F1){ref-type="fig"}), by asparagine (*RHO1-D72N*). This finding prompted us to sequence *RHO1* in all the other dominant suppressors. Strikingly, three additional suppressors carried exactly the same *RHO1-D72N* mutation (unpublished data).

The *RHO1-D72N* allele likely causes Rho1 hyperactivation, at least toward some of its effectors. Indeed, similar to *RHO1-D72N*, an episomal plasmid bearing the GTP-locked *RHO1-G19V* allele, but not the dominant-negative *RHO1-D125A* allele, suppressed the temperature sensitivity of *dma1Δ dma2Δ cla4-75* triple-mutant cells (Supplemental Figure S1C). Furthermore, deletion of *LRG1* and *SAC7*, which encode the main GTPase-activating proteins (GAPs) for Rho1 down-regulation during cytokinesis ([@B126]), partially suppressed the lethality of *dma1Δ dma2Δ cla4-75* cells at high temperatures (Supplemental Figure S1D). In addition, we found that one of the recessive suppressors isolated in our genetic screen carried a premature stop codon in *LRG1* (*LRG1-L67stop*). Conversely, eliminating the Sac7 paralogue Bag7 (Supplemental Figure S1D) or mutating the catalytic residue of the Rho GAP Bem2 ([@B74]; unpublished data) did not rescue the temperature sensitivity of *dma1 dma2 cla4-75* triple-mutant cells. Finally, since the yeast polo-like kinase, encoded by the *CDC5* gene, recruits and activates Rho1 at the cell division site for cytokinesis ([@B127]), we asked whether the *RHO1-D72N* allele could partially rescue the temperature-sensitive growth defects of *cdc5* mutants. This was indeed the case (Supplemental Figure S1E), suggesting that the Rho1-D72N protein is likely hyperactive.

The *RHO1-D72N* allele also partially suppressed the temperature sensitivity of septin mutants like *cdc12-1*, which fails to assemble the septin ring, *cdc12-6*, which disassembles the septin ring upon shift to the restrictive temperature ([@B6]; [@B25]), and *shs1Δ*, which lacks the only nonessential septin ([Figure 2, A--C](#F2){ref-type="fig"}, and Supplemental Figure S2, A and B), suggesting that septin stabilization may underlie the mechanism of suppression. This conclusion was confirmed by direct inspection of the septin ring marked by GFP-Cdc3 in *cdc12-6* cells shifted to the nonpermissive temperature of 30°C. Whereas *cdc12-6* cells, either cycling ([Figure 2, B and C](#F2){ref-type="fig"}) or arrested in mitosis by nocodazole treatment ([Figure 2, D and E](#F2){ref-type="fig"}), rapidly disassembled the septin ring after 1-h shift to 30°C, a significant fraction of them could maintain a septin ring at the bud neck upon expression of *RHO1-D72N.*

![Rho1 and Pkc1 hyperactivation rescues the septin ring instability of *cdc12-6* mutant cells. (A) Serial dilutions of strains with the indicated genotypes were spotted on YEPD plates and incubated at the indicated temperatures for 2 d. (B, C) *cdc12-6 BUD4^+^* cells expressing wild-type *RHO1* and *PKC1*, *RHO1-D72N*, or *PKC1-R398P* at their respective genomic loci were grown at 25°C and shifted to the restrictive temperature of 30°C for 1 h. The septin ring is marked by GFP-Cdc3. Average values and error bars (SD) are derived from three independent experiments (*n* ≥ 100). (D, E) The same strains as in B and C were grown at 23°C, arrested in mitosis by 3 h of treatment with nocodazole, and shifted to 30°C for 1 h to image GFP-Cdc3. Average values and error bars (SD) are derived from three independent experiments (*n* ≥ 100). Scale bars, 5 μm.](3245fig2){#F2}

Although constitutively active GTP-locked variants of Rho1 as sole source of Rho1 in the cell cannot support actomyosin ring assembly and viability of yeast cells ([@B126]), *RHO1-D72N* cells were perfectly viable, assembled a normal actomyosin ring and contracted it with kinetics similar to that of wild-type cells (Supplemental Figure S3). Thus Rho1-D72N might be hyperactive toward some but not all Rho1 effectors.

Because the Rho GTPase Cdc42 is known to promote septin deposition ([@B34]; [@B18]), we tested whether the hyperactive *CDC42-D65N* allele ([@B79]), which carries a synonymic mutation to *RHO1-D72N*, could suppress the temperature sensitivity of *dma1 dma2 cla4-75* triple-mutant or *cdc12* single-mutant cells. Expression of *CDC42-D65N* had no effect on cell division of *dma1 dma2 cla4-75* triple- mutant and *cdc12-6* single-mutant cells, whereas it was detrimental for *cdc12-1* cells growing at the permissive temperature (Supplemental Figure S2, D--F). Consistent with these data, GTP-locked Cdc42 negatively regulates septin polymerization in budding yeast ([@B34]) and mammalian cells ([@B51]).

Five Rho1 effectors are known: protein kinase C (Pkc1), the formins Bni1 and Bnr1, the exocyst component Sec3, and the Fks1/2 glucan synthase ([@B68]). Pkc1 is a major regulator of membrane dynamics ([@B63]) and localizes, like Rho1, to sites of polarized growth and the bud neck ([@B125]; [@B22]). Furthermore, it is the only bud neck protein that colocalizes with septins also in meiosis ([@B66]), which makes it an excellent Rho1-target candidate in the regulation of septin stability. Consistently, the *PKC1-R398P* hyperactive allele, which is mutated in the pseudosubstrate autoinhibitory domain ([@B83]), suppressed the temperature sensitivity of *dma1Δ dma2Δ cla4-75* triple-mutant ([Figure 1C](#F1){ref-type="fig"}) and *cdc12-1* and *cdc12-6* single-mutant cells ([Figure 2A](#F2){ref-type="fig"} and Supplemental Figure S2C). This was not the case for a dominant hyperactive allele of *BNI1* (*BNI1-V360D*; [@B63]; unpublished data). Furthermore, *PKC1-R398P* efficiently suppressed septin ring disassembly of *cdc12-6* cells at restrictive temperature ([Figure 2, B--E](#F2){ref-type="fig"}). Finally, direct sequencing showed that five dominant suppressors found in our genetic screen carried *PKC1* mutations in different protein domains (*PKC1-R398H*, *PKC1-E270G,T492I*, *PKC1-R301C*, *PKC1-E234K*, and *PKC1-R436W*; [Figure 1, D and E](#F1){ref-type="fig"}), further corroborating the idea that hyperactivation of the Rho1/Pkc1 pathway stabilizes the septin ring.

Rho1 and Pkc1 stabilize the septin ring
---------------------------------------

Although the involvement of Rho1/RhoA in the assembly and contraction of the actomyosin ring is well established, no data linked its function to septins. We therefore tested directly the effect of Rho1 and Pkc1 on septin dynamics. The septin ring was visualized by expression of GFP-Cdc12 and its stability analyzed by FRAP. As expected ([@B18]; [@B25]), after its complete bleaching in late G1, there was efficient fluorescence recovery in wild-type cells ([Figure 3A](#F3){ref-type="fig"}), indicating high turnover of septins at the presumptive bud site (mobile fraction 54 ± 21%, *n* = 10). In contrast, turnover was lower in *RHO1-D72N* cells (mobile fraction 25 ± 11%, *n* = 10), indicating that in these cells the septin ring exchanged less rapidly with the cytoplasmic pool and was more rigid already in G1. We then asked whether *RHO1* inactivation destabilizes the septin ring. To this end, we used the temperature-sensitive *rho1-5* mutant, which is most likely specifically defective in Pkc1 activation since its temperature sensitivity is efficiently suppressed by *PKC1* overexpression ([@B56]) and the *PKC1-R398P* allele (unpublished data). Half of the GFP-Cdc12 signal was bleached in large-budded cells. Consistent with the frozen state of the ring at this cell cycle stage ([@B18]; [@B25]), turnover at 37°C was low in wild-type cells (mobile fraction 10 ± 6%, *n* = 12). In contrast, recovery was significantly higher in *rho1-5* cells at 37°C ([Figure 3B](#F3){ref-type="fig"}; mobile fraction 31 ± 9%, *n* = 7), indicating that Rho1 inactivation enhances septin ring turnover.

![*RHO1* and *PKC1* mutations affect septin dynamics. (A) FRAP analysis of the septin ring in G1 cells after complete bleaching of the GFP-Cdc12 fluorescence signal at the presumptive bud site (time 0: postbleach). (B, C) FRAP analysis of the septin ring in budded cells after bleaching of half of the GFP-Cdc12 fluorescence signal at the bud neck (time 0: postbleach). Curves were fitted to monoexponential decay. (D) Wild-type and *pkc1Δ* cells in the W303 background (*bud4*) were grown in sorbitol-containing YEPD medium at 30°C and imaged. Fluorescence intensities of GFP-Cdc12 signals at the bud neck were quantified on one single in-focus plane (*n* ≥ 100). (E) Three independent wild-type and *pkc1Δ* strains in W303 carrying a wild-type copy of *BUD4* (*BUD4^+^*) were grown and imaged as in D to quantify fluorescence intensities of GFP-Cdc12 signals at the bud neck (*n* ≥ 100). (F) Representative movies of wild-type and *RHO1-D72N* cells expressing GFP-Cdc12. Arrowheads indicate splitting of the septin ring, whereas arrows indicate appearance of a new septin ring. Time 0 is arbitrarily set 6 min before septin ring splitting. (G) Small, unbudded cells of wild-type, *RHO1-D72N*, and *PKC1-R398P* cells were isolated by centrifugal elutriation and released in fresh YEPD medium at 25°C (time 0). At the indicated time points, cells were collected for FACS analysis of DNA contents (not shown) and kinetics of cell volume, budding, nuclear division, and septin ring formation. This last was analyzed by indirect immunofluorescence with anti-Cdc11 antibodies. (H, I) Wild-type, *RHO1-D72N*, and *PKC1-R398P* cells expressing GFP-Cdc12 and the Gic2PDB-RFP marker of Cdc42 activation were filmed at 30°C to measure the time interval between Cdc42 activation and septin recruitment. The graph (I) represents the distribution of time intervals in each strain (*n* ≥ 30) and mean times (black bars).](3245fig3){#F3}

Because the *PKC1* gene is essential for viability and cell integrity, to test its possible involvement in septin dynamics, we had to grow *pkc1Δ* cells in the presence of an osmostabilizer (i.e., sorbitol). Under these growth conditions, *PKC1* deletion accelerated the turnover of GFP-Cdc12 at the septin ring in budded cells ([Figure 3C](#F3){ref-type="fig"}; mobile fraction 11.5 ± 6.5%, *n* = 8, for wild-type and 22 ± 8%, *n* = 8, for *pkc1Δ* cells). Thus inactivation of Rho1 and Pkc1 increases the fluidity of the septin ring, whereas *RHO1* hyperactivation makes the septin ring more rigid. In agreement with this conclusion, even when incubated at 25˚C and provided with sorbitol, combining *PKC1* deletion with the *cdc12-1* or *cdc12-6* temperature-sensitive mutations dramatically compromised viability (unpublished data), whereas *pkc1Δ shs1Δ* double-mutant cells were inviable. These data indicate that Pkc1 becomes essential in the presence of septin defects that are normally tolerated by otherwise wild-type cells.

Mutants affecting Rho1 activity were previously shown to assemble septin rings but fail to undergo the normal conversion from single ring into hourglass ([@B19]). Similarly, we found that *PKC1* deletion in the W303 strain background led to thinner septin rings containing lower amounts of GFP-Cdc12 than otherwise wild-type cells ([Figure 3D](#F3){ref-type="fig"}). Because W303 bears a frameshift mutation in the *BUD4* gene ([@B117]), which encodes an anillin-related protein that stabilizes the septin ring during splitting ([@B122]; [@B57]), we asked whether introduction of a wild-type copy of *BUD4* restored normal septin levels at the bud neck of *pkc1Δ* cells. This was indeed the case ([Figure 3E](#F3){ref-type="fig"}), suggesting that Pkc1 and Bud4 play overlapping role(s) in septin ring stability during a normal cell cycle.

In agreement with the idea that Rho1 and Pkc1 stabilize the septin ring, we found that their hyperactivation shortened the interval between septin ring splitting and formation of a new septin ring---that is, the cell cycle window characterized by the highest septin dynamics. Time-lapse video microscopy of wild-type and *RHO1-D72N* cells expressing GFP-Cdc12 showed that the time between septin ring splitting and formation of a new septin ring was on average 21 ± 6.9 min in *RHO1-D72N* cells (*n* = 100) and 34 ± 11.5 min in wild-type cells (*n* = 72; [Figure 3F](#F3){ref-type="fig"}). To confirm these results, we elutriated small, unbudded cells from wild-type, *RHO1-D72N* and *PKC1-R398P* cell cultures and released them in fresh medium at 25°C. At various times, cell samples were collected, and cell volume (used as internal reference), budding, septin ring formation, and nuclear division were quantified. In all three strains, bud emergence occurred at the same mean cell volume (34 fl), suggesting that this process is not grossly affected by *RHO1* and *PKC1* hyperactivation. Under these conditions, wild-type cells formed septin assemblies concomitant to budding and S-phase entry (starting at 90 min after release). In contrast, in the *RHO1-D72N* and *PKC1-R398P* mutant cells, septin ring recruitment took place at a smaller cell volume and was advanced by ∼15 min relative to budding and S-phase entry ([Figure 3G](#F3){ref-type="fig"}). Of importance, in these mutants septin deposition still occurred after activation of Cdc42, as shown by time-lapse video microscopy of cells expressing the fluorescent Cdc42 biosensor Gic2PBD--red fluorescent protein ([@B86]; [Figure 3H](#F3){ref-type="fig"}). However, the time interval between Cdc42 activation and septin recruitment was slightly shorter in the mutants relative to wild-type cells ([Figure 3I](#F3){ref-type="fig"}).

Collectively these data indicate that Rho1 and Pkc1 contribute to septin ring stabilization.

Osmotic stabilization of the cell wall restores septin organization in a septin mutant
--------------------------------------------------------------------------------------

Rho1 and Pkc1 are involved in the cell wall integrity (CWI) pathway, which responds to a variety of cell wall stresses (e.g., osmotic stress) and activates a mitogen-activated protein kinase (MAPK) cascade response. This in turn induces a specific transcriptional program regulating the expression of cell wall enzymes and reorganization of the actin cytoskeleton ([@B68]; Supplemental Figure S4A). We therefore asked whether osmotic support, through addition of sorbitol to the growth medium, might also promote septin ring stabilization by counteracting the intracellular turgor pressure. The temperature sensitivity of *cdc12-1* and *cdc12-6* cells was indeed partially suppressed by sorbitol ([Figure 4A](#F4){ref-type="fig"}). To investigate whether sorbitol could also stabilize the septin ring of *cdc12-1* cells, we grew wild- type and *cdc12-1* cells at 23°C, arrested them in G1, and released them at 34°C in rich medium either lacking or containing sorbitol. FACS analysis of DNA contents at different time points after release showed that in the absence of sorbitol, *cdc12-1* cells displayed pronounced cytokinetic defects leading to polyploidy, which were efficiently rescued by sorbitol ([Figure 4B](#F4){ref-type="fig"}). Strikingly, whereas in the absence of sorbitol septin rings failed to assemble in most *cdc12-1* cells, in the presence of sorbitol they assembled at the bud neck in a high fraction of them with kinetics similar to wild type ([Figure 4, C and D](#F4){ref-type="fig"}). Furthermore, sorbitol efficiently rescued also the elongated-bud phenotype of *cdc12-1* cells at 34°C ([Figure 4E](#F4){ref-type="fig"}). Thus, similar to hyperactivation of the Rho1/Pkc1 pathway, counteracting osmotic stress may stabilize the septin ring.

![Hyperosmotic medium rescues the lethality and cytokinetic defects of septin mutants. (A) Serial dilutions of strains with the indicated genotypes were spotted on YEPD plates and incubated at the indicated temperatures for 2 d. (B--E) Wild-type and *cdc12-1* cells were grown in YEPD at 25°C in the absence or presence of sorbitol, arrested in G1 by α-factor, and released in fresh medium at 34°C (time 0). At the indicated time points, cell samples were collected for FACS analysis of DNA contents (B) and kinetics of budding, nuclear division, and septin deposition at the bud neck by indirect immunofluorescence of the septin Cdc11 (C). Distribution of septins (D) and cell morphology (E) in representative cells at *t* = 120 min after release.](3245fig4){#F4}

Rho1 and Pkc1 likely have targets other than the cell wall integrity pathway in septin stabilization
----------------------------------------------------------------------------------------------------

Because Rho1 and Pkc1 are involved in the CWI pathway (Supplemental Figure S4A), we wondered whether hyperactivation of the MAPK cascade downstream of Pkc1 was involved in the suppression of the lethality of *dma1 dma2 cla4* triple-mutant cells by *RHO1* and *PKC1* dominant alleles. Whereas hyperactivation of the most upstream MAPKKK in this pathway, using the *BCK1-20* allele, weakly suppressed the temperature sensitivity of *dma1Δ dma2Δ cla4-75* triple-mutant cells, hyperactivation of the downstream MAPKK and MAPK by the dominant *MKK1-S386P* or overexpression of Slt2 ([@B47]) did not (Supplemental Figure S4B). Thus Rho1- and Pkc1-mediated suppression of the septin defects caused by simultaneous inactivation of Dma1, Dma2, and Cla4 is not caused solely by hyperactivation of the MAPK pathway, if at all. Consistently, the *RHO1-D72N* allele that we isolated in our genetic screen did not hyperactivate the MAPK cascade after thermal stress, as judged by phosphorylation of the MAPK Slt2 (Supplemental Figure S4C). Although our data do not rule out a possible contribution of the CWI pathway on septin ring stability, they do suggest that Rho1 and Pkc1 stabilize the septin ring at least partly independently of the MAP kinase pathway.

The F-BAR protein Syp1 is a novel Pkc1 phosphorylation target
-------------------------------------------------------------

High-throughput analysis of the budding yeast kinome revealed a physical interaction between Pkc1 and Syp1 ([@B14]), a membrane protein of the F-BAR family that has been implicated in endocytosis and septin dynamics at the bud neck ([@B13]; [@B98]; [@B107]). *SYP1* deletion partially suppressed the temperature sensitivity of *cdc12-1* and *dma1Δ dma2Δ cla4-75* triple-mutant cells (Supplemental Figure S5A), suggesting that it might be a relevant target of Pkc1 in septin regulation.

*PKC1* inactivation severely compromised the organization of Syp1 in patches while enhancing its bud neck localization ([Figure 5A](#F5){ref-type="fig"}), suggesting that Pkc1 controls the turnover of Syp1 at membranes and its displacement from the bud neck. To gain insights into the relationship between the bud neck localization of Syp1 and that of septins, we first analyzed the localization of Syp1--enhanced GFP (eGFP) during the cell cycle, starting from cells synchronized in G1 by α-factor and released in fresh medium at 25°C. Consistent with published data ([@B96]; [@B98]), Syp1-eGFP was recruited to the bud neck in late G1, before bud emergence. Its levels then decreased at the bud neck around the time of anaphase entry, marked by the increase in binucleate cells ([Figure 5B](#F5){ref-type="fig"}). Time-lapse video microscopy of cells expressing at the same time Syp1-eGFP and Shs1-mCherry revealed that Syp1 was recruited to the bud neck concomitant to septins ([Figure 5C](#F5){ref-type="fig"}). Syp1 rings were larger than septin rings and asymmetrically localized to the mother side of the bud neck in small/medium-budded cells ([Figure 5D](#F5){ref-type="fig"}), similar to the phosphatase complex Bni4/Glc7 ([@B21]; [@B64]) and the SUMO E3 ligases Siz1 and Siz2 ([@B52]; [@B53]). Deletion of *PKC1* or *DMA1* and *DMA2* did not appear to affect the pattern of Syp1 localization at the bud neck during the cell cycle (Supplemental Figure S5, B and C).

![Pkc1 phosphorylates Syp1 and controls its bud neck localization. (A) *Z*-stack serial images of wild-type and *pkc1Δ* cells expressing Syp1-eGFP at different cell cycle stages (top: G1, unbudded; middle: S phase, small budded; bottom: mitosis, large budded). Spacing between sequential planes is 0.3 μm. (B) Wild-type cells expressing Syp1-eGFP were arrested in G1 by α-factor and released in fresh YEPD medium at 25°C. At the indicated time points, cells were collected for FACS analysis of DNA contents (not shown) and kinetics of budding, nuclear division, and Syp1-eGFP localization. (C) Wild-type cells expressing Syp1-eGFP and Shs1-mCherry were filmed at room temperature with 1-min time lapse. *Z*-stacks (31 planes at 0.2-μm spacing) were maximum projected and deconvolved with Huygens. Arrowheads indicate the appearance of septin and Syp1 rings. (D) Images of wild- type cells expressing Syp1-eGFP and Shs1-mCherry show that Syp1 rings are larger in diameter than Shs1 rings and located on mother side of the bud neck. (E) Schematic representation of the Syp1 protein showing the N-terminal F-BAR domain (yellow), the middle, unstructured region (white) containing the proline-rich domain (gray), and the muniscin-homology domain (green) at the C-terminus. Pink boxes indicate the two phospholipid-binding motifs, and asterisks mark the position of the serines phosphorylated by Pkc1. (F) The three domains of Syp1 were purified from bacteria (purified proteins are shown on top after Coomassie blue staining of an acrylamide gel) and subjected to in vitro phosphorylation by wild-type or kinase-dead (kd) Pkc1 immunoprecipitated from yeast cells (\[γ-^33^P\]ATP labeling, bottom). (G) Syp1-HA3 was immunoprecipitated from protein extracts obtained from cycling cultures of strains with the indicated genotypes and probed by Western blot with a phospho-specific antibody raised against phosphorylated Ser-347, as well as with anti-HA antibodies.](3245fig5){#F5}

We then asked whether Syp1 could be phosphorylated by Pkc1. Syp1 carries an N-terminal F-BAR domain, followed by a central, unstructured region and a C-terminal μHD domain that interacts with the endocytic protein Ede1 and the Rho1 activator Mid2. In addition, the region spanning amino acids 265--365 carries a liposome-binding domain and two lysine-rich motifs that bind PI(4,5)P~2~ and contribute to Syp1 association with the plasma membrane ([@B98]; [Figure 5E](#F5){ref-type="fig"}). We purified from bacterial cells the N-terminal (amino acids \[aa\] 1--265), the central (aa 265--565), and the C-terminal (aa 566--870) domains of Syp1 and subjected them to in vitro kinase assays using wild-type or kinase-dead Pkc1 immunoprecipitated from yeast cell extracts, using myelin basic protein (MBP) as control substrate ([@B3]). As shown in [Figure 5F](#F5){ref-type="fig"}, Pkc1, but not its kinase-dead version, efficiently phosphorylated the central region of Syp1, as well as MBP. Mass spectrometric analysis of this truncated protein identified two Pkc1-dependent phosphorylation sites on Ser-347 and Ser-389 or Ser-390 (Supplemental Table S1). Both are located in proximity of the two lysine-rich motifs ([Figure 5E](#F5){ref-type="fig"}) and are hence likely to regulate Syp1 interaction with membranes. These phosphosites were previously mapped in vivo, along with many additional phosphorylation sites ([@B70]; [@B1]; [@B43]; [@B12]; [@B14]). Of interest, phosphorylation of Ser-347 was found to increase in response to osmotic stress ([@B104]) and rapidly decrease in sorbitol-containing medium ([@B58]). In spite of that, using antibodies specific for phosphorylated Ser-347, we could detect low levels of Syp1 Ser-347 phosphorylation in wild-type but not in *pkc1Δ* cells grown in sorbitol-containing medium ([Figure 5G](#F5){ref-type="fig"}), suggesting that Syp1 is a substrate of Pkc1 also in vivo. Thus Pkc1 phosphorylates Syp1 directly on Ser-347 and probably Ser-389/Ser-390 in vitro and in vivo and regulates its subcellular localization. Syp1 is the second bona fide substrate of Pkc1 in budding yeast, the first being Bck1 ([@B69]).

Syp1 phosphorylation by Pkc1 increases its turnover at the bud neck and contributes to the robustness of septin deposition
--------------------------------------------------------------------------------------------------------------------------

Pkc1-dependent phosphorylation of the central region of Syp1 would introduce negative charges in an otherwise basic domain, which could interfere with Syp1 interaction with membranes. Consistently, in *pkc1Δ* mutant cells Syp1 localization at the bud neck increased compared with wild-type cells at the cost of patches normally observed at the rest of the cortex ([Figure 5A](#F5){ref-type="fig"}). These data suggest that Pkc1 inactivation stabilizes Syp1 at the bud neck. To address the physiological role of the Pkc1-dependent phosphorylation sites, we mutated Ser-347, Ser-389, and Ser-390 to alanine to abolish phosphorylation and to aspartate to mimic constitutive phosphorylation. The mutant alleles were then integrated in the yeast genome as the only copy of *SYP1* in the cells and will be referred to as *SYP1-3A* and *SYP1-3D*, respectively. The corresponding mutant proteins tagged with eGFP were expressed at levels similar to those of their wild-type counterpart ([Figure 6A](#F6){ref-type="fig"}) and recruited to the bud neck with the same timing during the cell cycle (unpublished data). We then assessed by FRAP whether they affected Syp1 turnover at the bud neck ([Figure 6B](#F6){ref-type="fig"}). On bleaching of half of the Syp1-eGFP ring in small/medium-budded cells, ∼39% of the molecules recovered (mobile fraction), with a half-recovery time of 13.63 ± 0.59 s. A similar mobile fraction was observed for Syp1-3D-eGFP, but its half-recovery time decreased to 6.77 ± 0.77 s, indicating a faster turnover. In stark contrast, the mobile fraction of Syp1-3A-eGFP was reduced to 18% (half-recovery time of 10.79 ± 0.5 s), indicating that the protein is more stably bound to the cortex. Therefore, Pkc1-dependent phosphorylation stimulates the turnover of Syp1 at the bud neck, consistent with the effect of *PKC1* inactivation on Syp1 localization.

![Syp1 phosphorylation by Pkc1 promotes Syp1 turnover at the bud neck and rigidity of the septin ring during its formation. (A) Steady-state levels of Syp1-, Syp1-3A-, and Syp1-3D-eGFP in logarithmically growing cells. (B) FRAP analysis of Syp1-eGFP at the bud neck. Half of the Syp1 ring was bleached in small-budded wild-type, *SYP1-3A*, and *SYP1-3D* cells, and recovery of fluorescence was measured every 0.5 s. Time 0 indicates the first time point after bleaching. Curves were fitted to monoexponential decay. (C--F) Cells with the indicated genotypes and expressing GFP-Cdc12 were analyzed by FRAP after bleaching of the entire (C) or half septin ring (D, F) in either G1 cells (C, D) or G2/M cells (F). Images were taken every 10 s. Time 0 corresponds to the first frame after bleaching. Curves were fitted with a one-phase association function (C, D) or with a two-phase association function (F). The goodness of the fit was based on 95% confidence intervals and *R*^2^ values. Kinetics of recovery after entire bleaching (C) was subtracted from those after half-bleaching (D) to obtain curves of recovery deriving only from septin dynamics inside the ring (i.e., recovery from the unbleached half of the ring; E). (G) Serial dilutions of stationary-phase cultures of strains with the indicated genotypes were spotted on YEPD plates and incubated for 2 d at the indicated temperatures.](3245fig6){#F6}

We then assessed the effects of *SYP1* phosphomutant alleles on septin dynamics by analyzing by FRAP the recovery rates of GFP-Cdc12 at the bud neck. Recovery of GFP-Cdc12 after bleaching of the entire septin ring is indicative of septin recruitment from the cytoplasm, whereas recovery after half-bleaching of the ring is the result of both lateral diffusion from the unbleached half and septin recruitment from the cytoplasm. We measured recovery of GFP-Cdc12 in wild-type *SYP1*, *syp1Δ*, *SYP1-3A*, and *SYP1-3D* cells in late G1 after bleaching of both entire and half septin rings ([Figure 6, C and D](#F6){ref-type="fig"}). To assess specifically the internal fluidity of the septin ring and have a more precise measurement of the lateral diffusion only, we subtracted the averaged values of recovery upon entire bleaching from those obtained after half-bleaching. Strikingly, the septin ring was significantly more rigid in *syp1Δ* and *SYP1-3D* cells than in wild-type and *SYP1-3A* cells ([Figure 6E](#F6){ref-type="fig"}), suggesting that Pkc1-dependent phosphorylation and removal of Syp1 stabilizes the septin ring in late G1. Hence Syp1 localization to the bud neck in G1 promotes septin ring fluidity during its assembly. Consistent with these ideas, the *SYP1-3D* allele partially suppressed the temperature sensitivity of the *dma1Δ dma2Δ cla4-75* triple-mutant cells ([Figure 6G](#F6){ref-type="fig"}). No significant differences were found between wild-type and *SYP1* mutants in the curves of recovery after half-bleaching in budded cells (i.e., in S/G2/M; [Figure 6F](#F6){ref-type="fig"}). Thus phosphorylation of Syp1 may affect septin dynamics most specifically before or at the time of bud emergence, that is, when the plasma membrane remodels at the bud neck and concomitant with septin structures being under mechanical stress.

Having found that septin ring fluidity is affected by Syp1 phosphorylation prompted us to test whether *SYP1* phosphomutants undergo normal septin ring assembly in late G1. To this end, we quantitatively measured deposition of GFP-Cdc12 at the presumptive bud site by time-lapse video microscopy of cells released from G1 into the cell cycle at 30°C. The *syp1Δ*, *SYP1-3A*, and *SYP1-3D* single-mutant cells all recruited GFP-Cdc12 at the future bud site more slowly than do wild-type cells ([Figure 7A](#F7){ref-type="fig"}), suggesting that that proper turnover of Syp1 at the bud neck upon phosphorylation by Pkc1 is required for timely building of a robust septin ring.

![Syp1 contributes to fast septin recruitment at the bud neck and interacts with Fks1. (A) Kinetics of septin recruitment at the presumptive bud site were calculated by measuring the fluorescence intensity of GFP-Cdc12 over time (frames every 1 min) in cells with the indicated genotypes arrested in G1 by α-factor and released into fresh medium at 30°C at time 0. Wild type, *n* = 9; *syp1Δ*, n = 18; *SYP1-3A*, *n* = 10; *SYP1-3D*, *n* = 15. (B) Mass spectrometric analysis of Flag immunoprecipitates from cell extracts of wild-type cells expressing either untagged Syp1 (mock) or Flag-tagged Syp1 (Syp1-3xFlag) and carrying either wild-type *PKC1* or *PKC1* deletion (*pkc1Δ*). Cells were grown to exponential phase in sorbitol-containing medium to keep *pkc1Δ* cells alive. The table contains only a partial list of Syp1-interacting proteins that were uncovered by mass spectrometry. Unique peptides are peptides with different amino acid sequence. PSM (peptide-spectrum match) represents the total number of peptides identified for each protein. (C) Syp1-3Flag was immunoprecipitated from wild-type and *pkc1Δ* cells grown in YEPD containing sorbitol. Immunoprecipitates were separated by SDS--PAGE electrophoresis and analyzed by Western blot with anti-Fks1 and anti-Flag antibodies.](3245fig7){#F7}

Syp1 interacts with and might regulate the activity of the cell wall--remodeling enzyme 1,3-β-[d]{.smallcaps}-glucan synthase
-----------------------------------------------------------------------------------------------------------------------------

To gain insights into the mechanism by which Syp1 modulates septin dynamics, we searched for Syp1-interacting proteins by mass spectrometry. To this end, we tagged Syp1 with a triple-Flag tag (Syp1-3Flag) and immunoprecipitated from wild-type and *pkc1Δ* cells growing in 1% yeast extract, 2% bactopeptone, 50 mg/l adenine medium supplemented with 2% glucose (YEPD) containing sorbitol. Immunoprecipitated material was then separated by SDS--PAGE and analyzed by tandem mass spectrometry (MS/MS). Although Syp1 was found to interact with septins by protein-fragment complementation assays ([@B111]) and in vitro pull downs ([@B96]), we could never find any septins in our Syp1-3Flag purifications (unpublished data). Instead, we found several endocytic factors associated to Syp1, among which were Sla1 and Ede1, which are known Syp1 interactors ([@B33]; [@B98]; [Figure 7B](#F7){ref-type="fig"} and Supplemental Table S2). Surprisingly, among the best hits, we also found Fks1, the major yeast 1,3-β-[d]{.smallcaps}-glucan synthase, which is involved in cell wall synthesis and is an effector of Rho1 ([@B27]; [@B95]). Furthermore, Fks1 has been implicated in endocytosis, along with Rho1 ([@B20]). We confirmed the association between Syp1 and Fks1 by immunoprecipitation of Syp1-3Flag followed by Western blot analysis with anti-Fks1 antibodies ([Figure 7C](#F7){ref-type="fig"}). Furthermore, similar levels of Fks1 were coimmunoprecipitated with Syp1-3Flag from wild-type and *pkc1Δ* cells ([Figure 7C](#F7){ref-type="fig"}), indicating that Pkc1 does not affect Fks1 association with Syp1.

Because 1,3-β-[d]{.smallcaps}-glucan synthase contributes to proper septin distribution in the pathogenic budding yeast *Candida albicans* ([@B11]; [@B4]), the association between Syp1 and Fks1 suggests that these proteins might cooperate in controlling septin ring formation.

DISCUSSION
==========

Rho1 functions in the control of septin organization
----------------------------------------------------

In metazoans and yeasts, the small Rho-family GTPase RhoA/Rho1 is a central regulator of cytokinesis. In all of these organisms, it promotes the assembly and contraction of the actomyosin ring, partly through activation of formins (reviewed in [@B89]). Here we show that budding yeast Rho1 has an unanticipated role in cytokinesis by controlling septin dynamics. Indeed, we show, by a number of different approaches, that a novel dominant allele of *RHO1*, *RHO1-D72N*, stabilizes the septin ring at the bud neck. The *RHO1*-*D72N* mutation replaces an Asp residue located inside the switch II and conserved in all of the GTPases of the Rho family. The switch I and the switch II are GTPase domains that undergo the most dramatic structural rearrangements upon GTP binding and hydrolysis and cooperate to promote GTPase activation. In addition, these regions modulate the interactions of GTPases with their GAPs and effectors ([@B116]). Thus the D72N amino acid substitution could modify Rho1 structure, leading to a Rho1 hyperactive variant that could stabilize the interaction with GTP, promote the interaction with a specific guanine nucleotide exchange factor (GEF), inhibit the binding to a GAP, and/or increase the affinity to specific effector(s). Although another Rho GTPase, Cdc42, is required for septin recruitment to the presumptive bud site ([@B34]; [@B18]; [@B48]; [@B86]), a synonymous amino acid change in Cdc42 (Cdc42-D65N; [@B79]) does not have the same effect on septin stability, suggesting that Rho1 and Cdc42 play distinct functions in septin organization. The finding that mutations locking Cdc42 in the active, GTP-bound state cause septin misorganization ([@B34]; [@B18]) further supports this conclusion.

Pkc1 as a central effector of Rho1 in the regulation of septin ring stability
-----------------------------------------------------------------------------

We provide several lines of evidence indicating that Pkc1 is a key effector of Rho1 in the regulation of septin recruitment and ring formation at the bud neck. First, Pkc1 hyperactivation through the well-characterized *PKC1-R398P* allele ([@B83]) phenocopied the effects of *RHO1-D72N* on septin stability. Second, five different dominant mutations in our initial suppressor screen mapped in the *PKC1* gene. Third, *PKC1* deletion destabilizes septin collars, as shown by FRAP. Our finding that lack of Pkc1 is lethal for septin mutants even in the presence of an osmostabilizer further corroborates the notion that Pkc1 stabilizes the septin ring. Note that the real contribution of Pkc1 to septin ring stability under normal conditions might be underestimated in our experiments by the addition to the medium of sorbitol, which we show stabilizes septins at the bud neck. In our hands, conditional *pkc1* mutant cells ([@B2]; unpublished data) rapidly lose viability and lyse in the absence of osmostabilizers similar to *pkc1Δ* cells, thus hampering a rigorous assessment of the effect of Pkc1 on septin regulation.

We cannot exclude that Rho1 contributes to septin ring assembly and stabilization also via additional effectors besides Pkc1. For instance, deletion of the formin Bni1 was shown to cause defects in septin organization and larger septin rings ([@B55]). However, Bni1 is activated mainly by Rho3 and Rho4 at physiological temperatures ([@B26]), and its localization requires Cdc42 activity ([@B50]; [@B87]). In spite of Rho1 and Bni1 displaying two-hybrid interactions, Rho1 appears to activate Bni1 only at high temperatures and through an indirect mechanism that requires Pkc1 ([@B26]; [@B63]). Similarly, although Rho1 activates the β-1,3-glucan synthase encoded by the *FKS1* and *FKS2* genes ([@B95]) for the cell wall synthesis ([@B27]; [@B46]), our data suggest that Fks1 activity might be further regulated by the Pkc1 target, Syp1. Other effectors of Rho1, such as the Sec3 subunit of the exocyst complex ([@B38]), which mediates polarized targeting and tethering of secretory vesicles ([@B114]), have not been implicated in septin regulation. Thus we favor the idea that Pkc1 is a critical effector of Rho1 in the control of septin organization.

Circumstantial evidence suggests that septin regulation by protein kinase C (PKC) might be operational in other systems. Indeed, dendritic spine morphogenesis requires both septins ([@B109]; [@B123]) and atypical PKC (aPKC; [@B130]). Besides promoting biogenesis of primary cilia in epithelial cells ([@B28]) and motile cilia in sea urchin, aPKC forms a ring at the base of the latter cilium ([@B93]) that is reminiscent of the ring-like septin structure found at the base of cilia ([@B45]; [@B60]). Finally, mammalian Sept2 is efficiently phosphorylated in vitro by PKC ([@B124]). Further studies will help to shed light on the links between PKC and septins in dendrite arborization, ciliogenesis, and sperm morphogenesis.

The F-BAR protein Syp1 and the control of septin dynamics
---------------------------------------------------------

We identified the membrane protein Syp1 as a novel bona fide target of Pkc1. Syp1 is a member of the Bin-amphiphysin-Rvs (BAR) family of membrane proteins, which sculpt phosphoinositide-rich membranes to promote membrane curvature. Because of their ability to sense and modulate such curvature, BAR proteins are implicated in numerous processes involving membrane reorganization, such as endocytosis, cell migration, and cytokinesis ([@B108]).

Syp1 exhibits a peculiar localization, forming a ring in late G1 that surrounds the new-forming septin ring and might define a specific membrane domain. Thus, after budding, the Syp1 ring ends up being larger than the septin ring. Of interest, establishment of cell polarity in yeast has been recently linked to the spatial coordination of exocytosis and endocytosis at the presumptive bud site. Specifically, an exocytic cortical pole is encircled by an endocytic ring rich in actin patches that confines exocytosis to a polarity vertex ([@B54]). How the septin ring is spatially organized in relation to these membrane compartments has not been addressed directly, but the septin ring likely coincides with the endocytic ring, on the basis of their respective diameters and the evidence that exocytosis is required to poke a hole in the septin cap during ring formation ([@B86]). Being external to the septin ring, the Syp1 ring could in turn influence the rate of local endocytosis and/or septin recruitment by preventing the lateral spreading of these processes.

Syp1 was shown to interact physically with septins and accelerate septin turnover ([@B96]). Consistently, we show that lack of Syp1 suppressed the temperature sensitivity of mutants defective in septin ring assembly. Another yeast F-BAR protein, Hof1, controls actomyosin ring dynamics and cytokinesis ([@B71]; [@B77]). Similar to Syp1, Hof1 localizes to the bud neck early during the cell cycle and affects the integrity of septin assemblies ([@B71]; [@B77]), suggesting that besides stabilizing the actomyosin ring, it might share a function with Syp1 in septin regulation. Strikingly, we find that simultaneous inactivation of *HOF1* and *SYP1* is lethal (unpublished data), further strengthening this hypothesis.

BAR proteins, including Syp1, cluster PI(4,5)P~2~ ([@B99]) and prevent its lateral diffusion, thus stabilizing lipid microdomains ([@B131]). Because PI(4,5)P~2~ is concentrated at the bud neck ([@B32]) and stimulates septin filament assembly and organization ([@B10]), it is tempting to speculate that BAR proteins might play a general role in the control of septin assemblies. The F-BAR protein syndapin/pacsin, which is a known PKC target ([@B90]), promotes dendritic spine morphogenesis in neurons ([@B23]) and cytokinesis in *Drosophila* ([@B110]). An exciting possibility is that these functions might be linked to a possible role of syndapin/pacsin in coordination of septin dynamics with membrane reorganization.

Here we show that Syp1 is phosphorylated by Pkc1 in vitro and, presumably, in vivo on Ser-347, -389, and/or -390 within a basic domain of the protein that contains two consensus motifs for phospholipid binding outside of the F-BAR domain. This region of the protein was previously shown to contribute to Syp1 localization at the plasma membrane ([@B98]). Pkc1-dependent phosphorylation of these serines accelerates the turnover of Syp1 at the bud neck. In agreement with the proposed role of Syp1 in promoting septin dynamics ([@B96]), our data indicate that increasing Syp1 turnover at the bud neck with the *SYP1-3D* allele renders septins less mobile within the new-forming septin ring in late G1, that is, during a cell cycle stage in which the septin ring is usually in a fluid state and characterized by free lateral diffusion ([@B18]; [@B25]).

Unlike *PKC1* deletion, the *SYP1-3A* mutant allele does not obviously affect septin ring stability and does not cause synthetic lethality or sickness to septin mutants (unpublished data), indicating that it impairs septin organization to a lower extent than Pkc1 inactivation. One possible explanation is that additional Syp1 residues besides Ser-347, -389, and -390 might be phosphorylated by Pkc1. Furthermore, Pkc1 might have additional targets besides Syp1 in septin regulation. One intriguing possibility to be investigated in the future is whether Hof1 is also a Pkc1 phosphorylation target.

Possible mechanisms of septin regulation by Syp1 and other BAR proteins
-----------------------------------------------------------------------

Given their nature as membrane sculptors, an attractive model is that BAR proteins remodel both membrane and septins while membrane curvature changes.

Although the exact mechanism by which Syp1 controls septin dynamics remains to be established, we can envision several possibilities. First, Syp1 might influence the formation of septin filaments or their organization into a ring through direct interaction with septins ([@B96]). Second, Syp1 might contribute to organizing septin assemblies at the presumptive bud site by regulating the local concentration of PI(4,5)P~2~. A third, non--mutually exclusive hypothesis is that Syp1 controls septin recruitment and efficient septin ring assembly through endocytic recycling of septins, which is consistent with the established involvement of Syp1 in endocytosis ([@B13]; [@B98]; [@B107]). For instance, Syp1 could help to focus septin recruitment to the site of highest membrane curvature, that is, the bud neck. Although at a first glance this hypothesis might seem at odds with the different diameters expected for the Syp1 and the endocytic ring involved in polarity establishment ([@B54]), Syp1 could mediate a qualitatively different endocytosis relative to the one involved in polarity and, unlike the latter, prevent septins from spreading out. In this context, it is interesting to note that Rho1 was implicated in a novel clathrin-independent endocytic pathway that involves actin cables but not patches ([@B92]). Moreover, the 1,3-β-[d]{.smallcaps}-glucan synthase Fks1, which we show interacts with Syp1, has been implicated in endocytosis independently of its cell wall--remodeling function ([@B85]). Further work will be required to establish whether the role of Syp1 in septin regulation is linked to its endocytic function.

Syp1 interaction with Fks1, which synthesizes the main cell wall component and is in turn regulated by Rho1 activity, suggests yet another possible mechanism underlying septin regulation. As mentioned earlier, Rho1, Pkc1, and Fks1 are part of the CWI pathway, which responds to a variety of environmental changes, including mechanical stress caused by cell wall defects ([@B68]). Signals are initiated at the cell surface by mechanosensors, such as Mid2 and Wsc1, which localize across the membrane and surrounding periplasmic space. Signals are then transduced to the Rho1 GEFs Rom1 and Rom2 at the plasma membrane, triggering activation of Rho1 and its effectors. Our data suggest that the upstream part of the CWI pathway is involved in septin ring stabilization at least partly through Syp1 phosphorylation. Of importance, the CWI pathway is induced not only under stress conditions, but also during the normal cell cycle, concomitant with polarized growth and bud emergence ([@B128]), that is, when cells undergo the most pronounced membrane/cell wall remodeling and are most vulnerable to lysis. Of note, this is also the cell cycle phase when the septin ring undergoes the transition from fluid to frozen state. Thus it would make perfect sense that the same Rho1/Pkc1 pathway couples new cell wall synthesis with septin ring stability. Intriguingly, Syp1 interacts with the mechanosensor Mid2 ([@B98]), suggesting that it might itself relay mechanical stress signals, acting as a mechanotransducer and/or participating in a Rho1-controlling feedback loop. Glucan synthesis could then stiffen the cell wall and, consequently, stabilize the septin ring. Consistent with this hypothesis, in the pathogenic fungus *C. albicans*, cell treatment with the glucan synthase inhibitor caspofungin leads to septin mislocalization ([@B11]; [@B4]). Our finding that septin defects can be suppressed by addition of the osmostabilizer sorbitol to the medium further supports the idea of intimate cross-talk between cell wall and septin organization. In this scenario, cell wall reorganization by Rho1/Pkc1 would be part of a physiological circuit responding to mechanical stress and stabilizing the cytokinetic machinery either during the normal cell cycle or upon cell wall injury. This mechanism might be conserved, as suggested by recent data showing that mechanical stress stabilizes cytokinetic factors at the cleavage furrow in *Dictyostelium* cells ([@B105]).

In conclusion, we have identified a novel pathway controlling septin dynamics in yeast. Given the evolutionary conservation of some of the players, similar pathways might be involved in controlling septin dynamics in other systems, such as dendritic spines and cilia.

MATERIALS AND METHODS
=====================

Strains, media, reagents, and genetic manipulations
---------------------------------------------------

All yeast strains were derivatives of W303 (*ade2-1, trp1-1, leu2-3112, his3-11,15, ura3, ssd1*). W303 bears a frameshift mutation in the *BUD4* gene ([@B117]), which encodes an anillin-related protein that stabilizes the septin ring during splitting ([@B122]). For some critical mutants, we made *BUD4^+^* versions in W303. A full list of strains and plasmids used in this study is given in Supplemental Table S3. Unless specified, most strains were generated in the original *bud4* W303 background. Cells were grown in either synthetic minimal medium supplemented with the appropriate nutrients, YEPD, or YEPD + 1 M sorbitol. α-Factor was used at 2 μg/ml and nocodazole at 15 μg/ml. Standard techniques were used for genetic manipulations ([@B102]; [@B73]). Gene deletions were generated by one-step gene replacement ([@B118]). One-step tagging techniques ([@B49]; [@B101]) were used to create triple hemagglutinin (3xHA)--, 3xFlag-, and eGFP-tagged Syp1. *SYP1* phosphorylation mutants were obtained by site-directed mutagenesis using the QuikChange Mutagenesis Kit (Agilent Technologies, Santa Clara, CA). Integration of *SYP1* alleles into the genome was checked by Southern blot.

Mutagenesis with ethyl methanesulfonate and isolation of *RHO1-D72N* allele
---------------------------------------------------------------------------

The temperature sensitivity of *dma1Δ dma2Δ cla4-75* cells in the W303 background was unaffected by replacing the defective endogenous *bud4* allele with wild-type *BUD4* (Supplemental Figure S1A). For mutagenesis, a cellular suspension of *dma1Δ dma2Δ cla4-75 bud4* cells was treated with 3% ethyl methanesulfonate for 60 min. Cells were plated on YEPD plates at 37°C to isolate thermoresistant suppressors. Temperature-resistant clones were assessed for the ability to lose the *cla4-75* allele carried on an episomal centromeric plasmid by replica plating on 5-fluoroorotic acid (5-FOA) plates to select their derivatives lacking the *cla4-75* construct. After this secondary screen, 44 suppressors that retained viability in face of the simultaneous lack of Dma1, Dma2, and Cla4 were recovered.

Dominance/recessivity of the suppressing mutations was assessed by crossing suppressors with the parental strain (*dma1Δ dma2Δ cla4-75*). Derivative diploids were selected and analyzed for their ability to grow at 37ºC and on 5-FOA.

To identify *RHO1-D72N* as a suppressing allele, we constructed a genomic library from one of the dominant suppressors by partial digestion of its genomic DNA with Sau3A followed by ligation of 8.0- to 12.0-kb DNA fragments into *Bam*HI of Ycplac111. This genomic library was then used to transform the *dma1Δ dma2Δ cla4-75* parental strain, and plasmids carrying the *RHO1-D72N* allele were isolated by virtue of their ability to confer temperature and 5-FOA resistance to *dma1Δ dma2Δ cla4-75* cells. Suppression was confirmed after subcloning the *RHO1-D72N* allele in Ycplac111.

FRAP and fluorescence microscopy
--------------------------------

FRAP experiments in [Figure 3, A--C](#F3){ref-type="fig"}, and Supplemental Figure 6, C--F, were performed as previously described ([@B25]) on a Zeiss LSM510 (Zeiss, Jena, Germany) confocal microscope. Logarithmically growing cells expressing GFP-Cdc12 were grown overnight in YEPD, resuspended in synthetic complete medium, and spread on 2% agar pads. Half or the entire septin ring was bleached with a sequence of 20--25 iterations at 50% of laser intensity. Fluorescence recovery was recorded over time at 30 or 37°C (experiments in [Figure 3B](#F3){ref-type="fig"}), and fluorescence intensities were analyzed with ImageJ (National Institutes of Health, Bethesda, MD). Background staining in each cell was subtracted. To correct for general bleaching, fluorescence intensities of septin rings were normalized to those of two or three reference cells present in each movie.

FRAP experiments in [Figure 6B](#F6){ref-type="fig"} were performed on a Zeiss LSM780 confocal microscope equipped with a Definite Focus module and controlled by the Zen2010 software (Zeiss). Logarithmically growing cells expressing Syp1-eGFP were grown overnight in synthetic complete medium at 30°C and mounted on Fluorodishes (World Precision Instruments, Sarasota, FL). Half of the Syp1 ring was bleached in small-budded cells with a sequence of five iterations at 100% of laser intensity. Fluorescence recovery was recorded every 0.5 s at 30°C, and fluorescence intensities were analyzed with ImageJ. Background staining in each cell was subtracted. Data were fitted to monoexponential decay with Prism5 (GraphPad Software, San Diego, CA) to calculate the mobile fraction and the half recovery time.

For time-lapse video microscopy in [Figure 3F](#F3){ref-type="fig"}, cells were imaged at 30°C on 2% agar pads of complete synthetic medium. Movies were recorded with a DeltaVision microscope and a 100× oil immersion objective using SoftWoRx software (GE Healthcare, Velizy-Villacoublay, France). Individual *Z*-stacks contained 10 planes with a step size of 0.6 μm and were binned symmetrically by two. After image acquisition, the movies were projected as maximum intensity projections.

For time-lapse video microscopy in Supplemental Figures S3 and 5C, cells were mounted in synthetic medium on Fluorodishes and filmed at room temperature (∼22°C) with a DeltaVision OMX (GE Healthcare) using a 63× oil immersion objective using SoftWoRx software. Individual *Z*-stacks containing 31 planes were acquired every 1 min with a step size of 0.2 μm and were binned symmetrically by one. *Z*-stacks were maximum projected and deconvolved with Huygens (Scientific Volume Imaging, Hilversum, Netherlands).

For time-lapse video microscopy in [Figure 3H](#F3){ref-type="fig"}, cells were mounted in synthetic medium on Fluorodishes and filmed at 30°C with a 100× oil immersion objective mounted on a confocal spinning disk CSU-X1 Andor-Nikon microscope (Nikon, Tokyo, Japan) equipped with an electron-multiplying charge-coupled device (CCD) iXon Ultra camera and controlled by Andor iQ3 software. Individual *Z*-stacks contained eight planes with a step size of 0.7 μm and were acquired every 1 min. Fluorescence intensities of GFP-Cdc12 were measured with ImageJ on maximum projected images.

For time-lapse video microscopy in [Figure 7A](#F7){ref-type="fig"}, cells were mounted in synthetic medium on Fluorodishes and filmed at 30°C with 63× oil immersion objective mounted on a Zeiss LSM780 confocal microscope controlled by the Zen2010 software. Individual *Z*-stacks contained eight planes with a step size of 0.7 μm and were acquired every 1 min. Fluorescence intensities of GFP-Cdc12 were measured with ImageJ on maximum projected images.

Nuclear division was scored on cells stained with propidium iodide.

Visualization of septin or Syp1-HA3 rings was performed on formaldehyde-fixed cells using anti-Cdc11 polyclonal antibodies (Santa Cruz Biotechnology, Dallas, TX) or anti-HA monoclonal antibody (12CA5) as previously described ([@B78]). Still digital images were taken with an oil 63×, 1.4-0.6 HCX Plan-Apochromat objective (Zeiss) with a CoolSNAP HQ2-1 CCD camera (Photometrics, Tucson, AZ) mounted on a Zeiss AxioimagerZ1/Apotome fluorescence microscope controlled by the MetaMorph imaging system software (Molecular Devices, Silicon Valley, CA).

Protein purification, immunoprecipitations, and kinase assays
-------------------------------------------------------------

Purification of histidine-tagged Syp1 truncated proteins was performed as previously described ([@B98]). For use in kinase assays, proteins were dialyzed in 20 mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid, pH 7.4, and 50 mM NaCl and concentrated using centrifugal filter units (10-kDa MWCO; Millipore, Darmstadt, Germany).

For immunoprecipitations of HA-tagged Syp1, pellets from 50-ml yeast cultures (10^7^ cells/ml) were lysed at 4°C with acid-washed glass beads in lysis buffer (50 mM Tris-Cl, pH 7.5, NaCl 150 mM, 10% glycerol, 1 mM EDTA, and 1% NP-40, supplemented with protein inhibitors \[Complete; Roche, Basel, Switzerland\], 1 mM Na orthovanadate, and 60 mM β-glycerophosphate). Total extracts were cleared by spinning at 12,000 rpm for 10 min and quantified by NanoDrop (Thermo Scientific, Waltham, MA). The same amounts of protein extracts were subjected to immunoprecipitation with an anti-HA affinity resin (Roche). Immunocomplexes were washed three times in lysis buffer and twice in phosphate-buffered saline (PBS) before SDS--PAGE electrophoresis.

Immunoprecipitations of Flag-tagged Syp1 were performed in TBSN buffer (25 mM Tris-Cl, pH 7.4, 100 mM NaCl, 2 mM EDTA, 0,1% NP-40, 1 mM dithiothreitol \[DTT\]) supplemented with protein inhibitors (Complete) and phosphatase inhibitors (PhosStop; Roche) using protein G Dynabeads (Life Technologies, Carlsbad, CA) cross-linked to the M2 monoclonal anti-Flag antibody (Sigma-Aldrich, St. Louis, MO). Immunocomplexes were washed four times in TBSN and twice in PBS before elution with 0.5 mg/ml 3xFlag peptide in 50 mM Tris-Cl, pH 8.3, 1 mM EDTA, and 0.1% SDS.

Pkc1 immunoprecipitations and kinase assays were performed essentially as described ([@B119]), except that a high-salt buffer was used for cell lysis. Briefly, wild- type or kinase-dead (K853R) HA-tagged Pkc1 ([@B119]) was overexpressed in yeast cells from the inducible *GAL1* promoter after galactose induction for 3 h at 30°C. Cells were lysed at 4°C with acid-washed glass beads in lysis buffer (50 mM Tris-Cl, pH 7.5, 1 M NaCl, 1 mM ethylene glycol tetraacetic acid, 1 mM EDTA, and 1%NP-40 supplemented with protease and phosphatase inhibitors \[Complete and PhosStop\]), and Pkc1 was immunoprecipitated with 12CA5 anti-HA antibodies preadsorbed on protein A--Sepharose. Immunocomplexes were washed twice with lysis buffer and once with 40 mM 3-(*N*-morpholino)propanesulfonic acid, pH 7.5. Kinase assays were performed as described ([@B119]) using 2 μg of Syp1 or myelin basic protein (MBP) per reaction.

For Western blot analysis, trichloroacetic acid protein extracts were prepared as previously described ([@B97]). Proteins transferred to Protran membranes (Schleicher and Schuell, Dassel, Germany) were probed with monoclonal anti-HA 12CA5, anti-GFP (Chromo­Tek, Planegg-Martinsried, Germany), and anti-Pgk1 (Life Technologies) antibodies or with polyclonal anti-Fks1 antibodies (Santa Cruz Biotechnology). Phosphorylated Slt2 was detected using a monoclonal antibody against phospho-p44/42 MAPK (Cell Signaling, Danvers, MA), and total levels of Slt2 were monitored with anti-Slt2 polyclonal antibodies (Santa Cruz Biotechnology).

Secondary antibodies were purchased from GE Healthcare, and proteins were detected by an enhanced chemiluminescence system according to the manufacturer.

Mass spectrometry analysis
--------------------------

The identification of Syp1 phosphorylation sites was carried out on three independent replicates. In vitro--phosphorylated Syp1 proteins were digested overnight using 1 mg of trypsin in 2 M urea and 50 mM triethylammonium bicarbonate. Resulting peptides were diluted with four volumes of 0.2% trifluoroacetic acid, loaded on C18 Agilent Bond Elut, desalted with two washes of 0.1% formic acid, eluted with 50% acetonitrile/0.1% formic acid, and dried to completeness in a SpeedVac vacuum concentrator (Thermo Scientific).

For interactome analysis, immunoprecipitates were separated on SDS--PAGE gels (12% polyacrylamide, Mini-PROTEAN TGX Precast Gels; Bio-Rad, Hercules, CA) and stained with Page Blue Stain (Euromedex, Souffelweyersheim, France). Gel lanes were cut into six gel pieces and destained with three washes in 50% acetonitrile and 50 mM triethylammonium bicarbonate (TEABC). After protein reduction (with 10 mM DTT in 50 mM TEABC at 60°C for 30 min) and alkylation (55 mM iodoacetamide/TEABC at room temperature for 30 min), proteins were digested in-gel using trypsin (1.2 μg/band, Gold; Promega, Madison, WI) as previously described ([@B103]).

Peptides were analyzed by nano-flow HPLC-nanoelectrospray ionization using an LTQ Orbitrap XL mass spectrometer coupled to an Ultimate 3000 HPLC (Thermo Scientific). Preconcentration of samples was performed on-line on a Pepmap precolumn (0.3 mm × 10 mm; Thermo Scientific). A gradient consisting of 2--40% buffer B (100% acetonitrile, 0.1% trfluoroacetic acid; 30 min for phosphorylation analysis, 60 min for interacting protein analysis), 40--80% B (1 min), and 80--0% B (1 min) and equilibrated for 20 min in 0% B was used to elute peptides at 300 nl/min from an Acclaim Pepmap100 C18 capillary (0.075 mm × 150 mm) reverse-phase column (Thermo Scientific). Mass spectra were acquired using a top-5 collision-induced- dissociation, data-dependent-acquisition method. The LTQ-Orbitrap was programmed to perform a Fourier transform (FT) full scan (60,000 resolution) on mass range 400--1400 Th, with the top five ions from each scan selected for LTQ-MS/MS and, in the case of phosphorylation analysis, multistage activation on the neutral loss of 24.49, 32.66, and 48.99 Th. FT spectra were internally calibrated using a single lock mass (445.120024 Th). Target ion numbers were 500,000 for FT full scan on the Orbitrap and 10,000 MSn on the LTQ.

For phosphorylation analysis, Raw files were converted to Mascot generic format (MGF) using raw2MSM, version 1.07, enabling to filter the top eight ions per 100-Da mass windows. MGF files were searched with the Mascot engine, version 2.4, against the SwissProt database, version 2012_07 (536,789 sequences), upon filtering for *S. cerevisiae* entries (7794 sequences). Modification options were fixed carbamidomethyl on cysteines and variable phosphorylation on serines/threonines and tyrosines. Mass tolerances were 7 ppm for precursor ions and 0.5 Da for fragment ions. MS2 spectra corresponding to phosphopeptides were manually inspected for phosphosite assignment. Ion signals corresponding to phosphorylated peptides were quantified from their ion chromatograms manually extracted using Qual browser, version 2.1 (Thermo Fisher Scientific), with a tolerance of 5 ppm for mass deviation and normalized to signals of their nonphosphorylated counterparts.

For interactome analysis, all MS/MS spectra were searched against the *S. cerevisiae* database (64,506 sequences, version 2013_03, uniprot.org/) by using Proteome Discoverer software, version 1.4 (Thermo Scientific) with Mascot, version 2.4, and phosphoRS, version 3.0 nodes ([@B113]). Modification options were fixed carbamidomethyl on cysteines, variable oxidation on methionines, and variable phosphorylation on serines/threonines and tyrosines. Management and validation of mass spectrometry data were performed using Proteome Discoverer software (Thermo Scientific; Mascot significance threshold *p* \< 0.01, with a minimum of one peptide per protein). Site-specific localization of phosphorylation events was determined using the phosphoRS function of Proteome Discoverer. All spectra with pRS score ≥50 and pRS Site Probability ≥0.75 were considered. Furthermore, each phosphopeptide spectrum was manually assessed for quality.

Other techniques
----------------

Flow cytometric DNA quantification was performed according to [@B31]) on a Becton-Dickinson FACSCalibur.

Significance of the differences was statistically tested by means of a two-tailed *t* test, assuming unequal variances. \**p* \< 0.05, \*\**p* \< 0.01, \*\*\**p* \< 0.001, \*\*\*\**p* \< 0.0001.
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CCD, charge-coupled device; CWI, cell wall integrity; EDTA, ethylenediaminetetraacetic acid; e-GFP, enhanced green fluorescent protein; FACS, fluorescence-activated cell sorter; F-BAR, F-Bin--Amphiphysin--Rvs; 5-FOA, 5-fluoroorotic acid; FRAP, fluorescence recovery after photobleaching; GAP, GTPase-activating protein; GEF, guanine nucleotide exchange factor; GFP, green fluorescent protein; GTP, guanosine triphosphate; MAPK, mitogen-activated protein kinase; MAPKK, mitogen-activated protein kinase kinase; MAPKKK, mitogen-activated protein kinase kinase kinase; MBP, myelin basic protein; μHD, muniscin-homology domain; MS/MS, tandem mass spectroscopy; NP-40, Nonidet-P40; PAK kinase, p21-activated kinase; PBS, phosphate-buffered saline; PI(4,5)P~2~, phosphatidylinositol (4,5)-bisphosphate.
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